In total hip arthroplasty (THA) for dysplastic hip osteoarthritis, bony deformity makes it difficult to identify the correct cup height and medialization. The authors developed a new technique for registration and navigation of cup position for dysplastic hips using an imageless navigation system. Eighty dysplastic hips (Crowe type I, n558; type II, n518; type III, n54) underwent THA. Thirty-four hips were operated on while in the supine position and 46 hips were operated on while in the lateral position. Before capsulectomy, the anterior pelvic plane and the position of the femur were registered. After exposure of the acetabulum, the teardrop, posterior rim, and medial wall of the acetabulum were registered. Then the cup height, cup medialization, cup inclination, anteversion, and leg lengthening were navigated. The difference between the navigated and radiographic cup heights was 4.564.0 mm, the difference in cup medialization was 3.062.5 mm, the difference in cup inclination was 4.3°63.1°, the difference in cup anteversion was 5.5°63.8°, and the difference in leg lengthening was 3.763.0 mm. Comparison of the first 20 cases with the last 20 cases showed that the accuracy of cup medialization was significantly improved. These differences were not affected by Crowe type or surgical position. Because the correct cup height and medialization are key issues in THA for dysplastic hip osteoarthritis, the accuracy of cup height and medialization in this imageless navigation system were acceptable for clinical application.
O steoarthritis of the hip secondary to developmental dysplasia comprises acetabular hypoplasia, femoral deformity, superolateral subluxation, and leg-length discrepancies. These anatomic abnormalities increase the risk of improper positioning of the cup and inaccurate leglength adjustment. Cup malposition increases the occurrence of impingement, reduces the range of motion, 1 and increases the risk of dislocation. 2, 3 Clinical studies have shown that high and especially lateral cup placement result in elevated rates of loosening and polyethylene wear and that the presence of a limp correlated with cranial placement of the cup. 4, 5 Leg-length discrepancies have several potential negative consequences for the patient, including sciatica, chronic back pain, hip dislocation, the need for a shoe raise, and limping. 6, 7 Excessive leg lengthening may cause nerve palsy. 8 The current authors developed a new technique for registration and navigation of cup position for dysplastic hips during total hip arthroplasty (THA) using an imageless navigation system. Cup position and leg lengthening are planned based on radiological templating because reconstructive hip surgeons have sufficient experience in templating on standard radiographs in THA for dysplastic hips. 9 Because the correct cup height and medialization are key issues in THA for dysplastic hip osteoarthritis, the navigation system provides cup orientation with reference to the anterior pelvic plane and cup position with reference to the acetabular landmarks. Leg lengthening is also performed without a femoral reference tracker.
The goal of this study was to investigate (1) the accuracy of the values of cup position, cup orientation, and leg lengthening, (2) whether a learning curve existed in comparing the initial 20 cases to the last 20 cases, and (3) what factors influenced accuracy.
Materials and Methods
Eighty THAs were performed in 71 patients with dysplastic hips using an imageless navigation system (OrthoPilot THA plus Dysplasia 3.1; B. Braun Aesculap, Tuttlingen, Germany). According to the Crowe classification, 58 hips were categorized as type I, 18 as type II, and 4 as type III. The study group comprised 10 men and 61 women with a mean age of 59.9 years (range, 38-76 years). Mean patient weight was 58.6 kg (range, 39-92 kg), mean height was 156 cm (range, 141-177 cm), and mean body mass index was 24.0 kg/m 2 (range, 16.4-33.3 kg/m 2 ). Nine patients had bilateral dysplastic hips and 62 patients had a unilateral dysplastic hip.
Preoperative planning was performed using anteroposterior radiographs. The vertical distance from the inter-teardrop line to the planned cup center was measured, and this distance was defined as the planned cup height (Figure 1 ). Leg lengthening was intended to minimize the leglength discrepancy.
surgical technique
Surgeries were performed by 4 expert surgeons (F.I., H.O., H.Y., Y.O.), and all surgeries were supervised by 1 chief surgeon (H.O.). Two approaches were used: a direct anterior approach in the supine position (34 hips) and a direct lateral approach in the lateral position (46 hips). The indication for the direct anterior approach was limited to Crowe types I and II osteoarthritis and other etiologies without flexion contracture. The hips outside the indications for the direct anterior approach were operated through the direct lateral approach.
Before capsulectomy, the pelvic reference tracker was fixed on the iliac crest. The anterior pelvic plane was determined by palpating both anterior superior iliac spines and the pubic symphysis. Two pointing pins were inserted at the greater trochanter and at the lateral or medial epicondyle of the distal femur. The position of the femur was identified by simultaneously registering 2 points on the femur and the pelvic reference tracker. After exposure of the acetabulum, the teardrop was registered as the craniocaudal reference point for the cup center, the posterior rim as the anteroposterior reference point, and the medial wall as the mediolateral reference point (Figure 2 ). The position of the planned cup center was then navigat- ed, and acetabular reaming was performed with reference to this navigated cup center. A Plasmacup (B. Braun Aesculap) was used in all cases. Cup height (distance between the teardrop and the final cup center), cup medialization (distance between the medial wall of the acetabulum and the cup surface), cup inclination, and anteversion were recorded. The leg lengthening (longitudinal transfer of the distal femoral pointing pin from initial registration to final reduction) was navigated.
Cup height, cup medialization, and leg lengthening were measured on postoperative anteroposterior radiographs ( Figure  1 ). The perpendicular distance from the inter-teardrop line to the cup center was defined as the cup height, and the distance between the medial wall of the acetabulum and cup surface was defined as the cup medialization. The perpendicular distance from the inter-teardrop line to the tip of the lesser trochanter was measured on radiographs pre-and postoperatively, and leg lengthening was defined as the difference between these distances pre-and postoperatively.
Cup inclination and anteversion were measured on computed tomography (CT) scans. Before measuring the angles, both anterior superior iliac spines and the pubic symphysis were placed on a plane as the anterior pelvic plane using CT-analyzing software with 3-dimensional templating (3-D Template; JMM, Kyoto, Japan). In reference to the anterior pelvic plane, the cup inclination and anteversion were measured. These anatomical angles were converted into radiographic angles by Murray's formula. 10 First, accuracy was defined as the absolute difference between the navigated value and the measured value. Second, the first 20 cases and the last 20 cases were compared to investigate the existence of a learning curve for accuracy. Third, whether accuracy was influenced by Crowe classification, surgeon, or surgical position was examined.
The Mann-Whitney U test and analysis of variance were used for statistical analysis.
results
Average time from fixation of the pelvic reference tracker to registration of the anterior pelvic plane and the position of the femur was 9.4 minutes. Postoperative complications were 1 dislocation and 1 deep vein thrombosis. No patients had radiographic loosening or infection.
The navigated values and measured values of cup height, cup medialization, cup inclination, anteversion, and leg lengthening are shown in Table 1 . Average accuracy was 4.564.0 mm for cup height, 3.062.5 mm for cup medialization, 4.3°63.1° for cup inclination, 5.5°63.8° for cup anteversion, and 3.763.0 mm for leg lengthening.
Comparison of the first 20 cases with the last 20 cases showed that the accuracy of cup medialization was significantly improved (Table 2) .
Although cup height was significantly greater and leg lengthening was significantly longer in Crowe types II and III hips than in Crowe type I hips, the accuracy was not influenced by the Crowe classification (Table 3) . Neither were influenced by the surgeon or surgical position (Tables 4, 5 ).
discussion
Total hip arthroplasty for dysplastic hips is a complex procedure. Bony anatomical abnormalities include insufficient acetabular bone stock, excessive femoral anteversion, and coxa valga. Superolateral subluxation causes leg-length discrepancies. Fixing the cup in the proper position and leg-length adjustment are the main targets of THA for dysplastic hips. Focusing on these targets, the authors developed a new technique for registration and navigation of cup position for dysplastic hips using an imageless navigation system. Average accuracy was 4.5 mm for cup height, 3.0 mm for cup medialization, 4.3° for cup inclination, 5.5° for cup anteversion, and 3.7 mm for leg lengthening. A learning curve existed only for cup medialization. Accuracy was not affected by Crowe classification, surgeon, or surgical position.
This study had several limitations. First, the navigation value was compared with the measured value on plain radiographs and CT scans. However, the measurements on plain radiographs and CT scans had potential errors: the cup height was influenced by the pelvic tilt, the tip of the lesser trochanter was sometimes dull, and the artifacts created by metallic implants deteriorated the detection of the edge of the cup. Second, the cup position, cup orientation, and leg-length discrepancies were not investigated in relation to the clinical symptoms, such as risk for dislocation, range of motion, and walking ability. In THA, the most appropriate target cup position and orientation for each patient remain unknown. Further study is needed to investigate the relationship between cup position and orientation, as well as the clinical symptoms.
Navigation of cup height, cup medialization, and leg lengthening is the most characteristic feature of this imageless navigation system. In dysplastic hips, the cup cannot always be fixed in the anatomical position. The cup must sometimes be fixed more cranially and medially to obtain bony support. Appropriate cup positioning relies on preoperative templating on the radiograph, which is familiar to reconstructive hip surgeons. Cup height accuracy depends on the registration point of the teardrop, 11 and cup medialization accuracy depends on the registration point of the medial wall of the acetabulum. When the acetabulum was covered by osteophytes or proliferation of the synovial membrane, the registration of the exact point for the teardrop and medial wall of the acetabulum tended to be difficult. In this study, a learning curve was observed for the accuracy of cup medialization.
In most imageless navigation systems, the accuracy of cup orientation strongly depends on the precise registration of pelvic bony landmarks (both anterior superior iliac spines and the pubic symphysis). The current study's cup orientation accuracy was comparable with other reported results of imageless navigation systems (Table 6) . Among these reports, accuracy was superior in the results reported by Fukunishi et al 15 and Ryan et al. 16 The reason may be that they registered the bony landmarks in the supine position before draping. In the current study, approximately half of the hips were registered in the supine position, and registration was performed after draping. The current results indicate that the accuracy was not improved in the supine position. Leg-length adjustment is important for patient satisfaction after THA. 17 In dysplastic hips, superolateral subluxation often causes leg shortening. Some imageless navigation systems provide leg lengthening intraoperatively (Table 7) . Renkawitz et al 19 measured leg lengthening by Hip 5.0 Unlimited (BrainLAB, Feldkirchen, Germany) with insertion of a 3.2-mm-diameter Kirschner wire into the distal femur. Ninety-five percent of individual differences were located in an interval of 25.5 to 4.0 mm. 19 Nishio et al 20 used OrthoPilot THAplus without femoral pin insertion and reported that 84% of all cases were within a 65-mm leg-length discrepancy error. The system used in the current study, the OrthoPilot THA plus Dysplasia 3.1, was modified from the OrthoPilot THA plus. Two tiny pins were inserted into the greater trochanter and the lateral or medial epicondyle of the distal femur to improve the reproducibility of pointing intraoperatively. The average accuracy of leg lengthening was 3.7 mm.
conclusion
The authors developed a new technique for registration and navigation of cup position for dysplastic hips during THA using an imageless navigation system. The accuracy of these measurements was acceptable for clinical use and was not influenced by the Crowe classification, surgeon, or surgical position. No learning curve existed, with the exception of the accuracy of cup medialization. Because correct cup height and medialization are key issues in THA for dysplastic hip osteoarthritis, these results indicate that the accuracy of cup height and medialization was acceptable for clinical application. 
